Aromatic plants require effective conservation technologies to expand their use. Irradiation might ensure plant decontamination, while maintaining their chemical, organoleptic, nutritional and bioactive qualities. In this study, the effects of gamma irradiation (1 and 10 kGy) in chemical, nutritional and antioxidant properties of Aloysia citrodora, Melissa officinalis, Melittis melissophyllum and Mentha piperita were evaluated. Gamma irradiation (up to 10 kGy) caused some statistically significant changes. However, when analyzed under an integrated approach, unirradiated and irradiated samples were grouped indiscriminately, indicating that irradiation treatment did not cause sufficient changes to define a specific chemical profile. Interestingly, each species was differentially affected by irradiation treatment. Overall, it might be considered that gamma irradiation (up to 10 kGy) is a feasible conservation technology for the assayed Lamiaceae and Verbenaceae species. This is an interesting result because the 10 kGy dose guarantees disinfested and decontaminated samples.
a b s t r a c t a r t i c l e i n f o the samples were divided into three groups: control (unirradiated, 0 kGy), group 1 and group 2, where 1 kGy and 10 kGy were, respectively, the predicted doses.
The irradiation was performed in a Co-60 experimental chamber (Precisa 22, Graviner Manufacturing Company Ltd., UK) with total activity 177 TBq (4.78 kCi), in September 2013 (Fernandes et al., 2013) . The estimated doses, dose rates and dose uniformity ratios (D max /D min ) were, respectively: 1.20 ± 0.07 kGy, 2.57 ± 0.15 kGy h -1 , 1.20 for sample 1 and 8.93 ± 0.14 kGy, 1.91 ± 0.03 kGy h -1 , 1.02 for sample 2. For simplicity, the values 0, 1 and 10 kGy were considered as the doses of unirradiated and irradiated groups 1 and 2, respectively.
After irradiation, the samples were grinded to powder (20 mesh) and mixed to obtain homogenized samples for subsequent analysis.
Standards and reagents

For irradiation
A Fricke dosimeter (chemical solution sensitive to ionizing radiation) prepared in the lab following the standards (ASTM, 1992) and Amber Perspex dosimeters (batch V, from Harwell Company, UK) were used to estimate the dose and dose rate of irradiation. To prepare the acid aqueous Fricke dosimeter solution, the following reagents were used: ferrous ammonium sulfate(II) hexahydrate, sodium chloride and sulfuric acid, all purchased from Panreac S.A. (Barcelona, Spain) with purity PA (proanalysis), and water treated in a Milli-Q water purification system (Millipore, model A10, USA).
For chemical analyses
Acetonitrile 99.9%, n-hexane 95% and ethyl acetate 99.8% were of HPLC grade from Fisher Scientific (Lisbon, Portugal). Fatty acid methyl ester (FAME) reference standard mixture 37 (standard 47885-U) was purchased from Sigma (St. Louis, MO, USA), as well as other individual fatty acid isomers, L-ascorbic acid, tocopherol, sugar and organic acid standards. Racemic tocol, 50 mg/mL, was purchased from Matreya (Pleasant Gap, PA, USA).
Proximate analysis
Protein, fat, carbohydrates and ash were determined following the AOAC procedures (AOAC, 1995) . The crude protein content (N × 6.25) was estimated by the macro-Kjeldahl method; the crude fat was determined using a Soxhlet apparatus by extracting (during 12 h) a known weight (≈5 g) of sample with petroleum ether; the ash content was determined by incineration at 600 ± 15°C, until a whitish ash was formed. Total carbohydrates were calculated by difference and total energy was calculated according to the following equation:
Energy kcal ð Þ¼4 Â g protein þ g carbohydrates þ 9 Â g fat ð Þ:
Color Measurement
A colorimeter (model CR-400, from Konica Minolta Sensing, Inc., Japan), with an adapter for granular materials (model CR-A50) was used to measure the color of the samples. Using the illuminant C and diaphragm aperture of 8 mm, the CIE L*a*b* color space values were registered using a data software "Spectra Magic Nx" (version CM-S100W 2.03.0006), from Konica Minolta company (Japan). Before starting the measurements the instrument was calibrated against a standard white tile (Fernandes et al., 2012) .
The color of three samples from each batch was measured in three different points, for each dose and at each time point, being considered the average value. Table 1 Proximate composition and color parameters (L*: lightness, a*: redness, b*: yellowness) of the four assayed species submitted to gamma irradiation (GI). Normal distribution of the residuals was evaluated using Shapiro-Wilk test. 4 p b 0.05 indicates that the mean value of the evaluated parameter of at least one GI dose differs from the others (in this case multiple comparison tests were performed). For each species, means within a column with different letters differ significantly (p b 0.05).
Table 2
Hydrophilic compounds (free sugars and organic acids) composition (g/100 g dw) of the four assayed species submitted to gamma irradiation (GI). The results are presented as mean ± SD 2.5. Chemical composition of hydrophilic compounds 2.5.1. Sugars Free sugars were determined by high performance liquid chromatography coupled to a refraction index detector (HPLC-RI). Dried sample powder (1.0 g) was spiked with melezitose as internal standard (IS, 5 mg/mL), and extracted with 40 mL of 80% aqueous ethanol at 80°C for 30 min. The resulting suspension was centrifuged (Centurion K24OR refrigerated centrifuge, West Sussex, UK) at 15,000 g for 10 min. The supernatant was concentrated at 60°C under reduced pressure and defatted three times with 10 mL of ethyl ether, successively. After concentration at 40°C, the solid residues were dissolved in water to a final volume of 5 mL and filtered through 0.2 μm Whatman nylon filters. Chromatographic conditions were applied as previously defined . The compounds were identified by chromatographic comparisons with authentic standards. Quantification was performed using the internal standard method and sugar contents were further expressed in g/100 g of dry weight (dw).
Organic acids
Organic acids were determined following a procedure previously described by the authors. Samples (≈ 2 g) were extracted by stirring with 25 mL of meta-phosphoric acid (25°C at 150 rpm) for 45 min and subsequently filtered through Whatman No. 4 paper. Before analysis, the sample was filtered through 0.2 μm nylon filters. Chromatographic conditions were applied as previously defined . Detection was carried out in a DAD, using 215 nm and 245 nm (for ascorbic acid) as preferred wavelengths. The organic acids found were quantified by comparison of the area of their peaks recorded at 215 nm with calibration curves obtained from commercial standards of each compound.
Chemical composition in lipophilic compounds
Tocopherols
Tocopherols were determined following a procedure previously described by the authors (Pereira, Barros, & Ferreira, 2013) . The compounds were identified by chromatographic comparisons with authentic standards. Quantification was based on the fluorescence signal response of each standard, using the IS (tocol) method and by using calibration curves obtained from commercial standards of each compound.
Fatty acids
Fatty acids were determined by gas-liquid chromatography with flame ionization detection (GC-FID)/capillary column as described previously by the authors . Fatty acid identification was made by comparing the relative retention times of FAME peaks from samples with standards. The results were recorded and processed using the CSW 1.7 Software (DataApex 1.7, Prague, Czech Republic).
Evaluation of bioactivity 2.7.1. Samples preparation
The methanolic extracts were obtained from the dried plant material. The sample (1 g) was extracted by stirring with 25 mL of methanol (25°C at 150 rpm) for 1 h and subsequently filtered through Whatman No. 4 paper. The residue was then extracted with 25 mL of methanol (25°C at 150 rpm) for 1 h. The combined methanolic extracts were evaporated at 40°C (rotary evaporator Büchi R-210, Flawil, Switzerland) to dryness.
The infusions were also obtained from the dried plant material. The sample (1 g) was added to 200 mL of boiling distilled water (after being taken out from the heating source) and left to stand at room temperature for 5 min, and then filtered under reduced pressure. The obtained infusions were frozen and lyophilized. Normal distribution of the residuals was evaluated using Shapiro-Wilk test.
Table 4A
A. Minor fatty acids (values b 1% in all species) of the four assayed species submitted to gamma irradiation (GI). The results are presented in relative percentage as mean ± SD , measuring the absorbance at 690 nm in the microplate reader mentioned above. Inhibition of β-carotene bleaching was evaluated though the β-carotene/linoleate assay; the neutralization of linoleate free radicals avoids β-carotene bleaching, which is measured by the formula: β-carotene absorbance after 2 h of assay/initial absorbance) × 100% .
Statistical analysis
For each irradiation dose and plant species, three independent samples were analyzed. Each of the samples was taken after pooling the plants treated in the same conditions together. Data were expressed as mean ± standard deviation. All statistical tests were performed at a 5% significance level using IBM SPSS Statistics for Windows, version 22.0. (IBM Corp., USA).
The fulfillment of the one-way ANOVA requirements, specifically the normal distribution of the residuals and the homogeneity of variance, was tested by means of the Shapiro Wilk's and the Levene's tests, respectively. All dependent variables were compared using Tukey's honestly significant difference (HSD) or Tamhane's T2 multiple comparison tests, when homoscedasticity was verified or not, respectively.
Principal component analysis (PCA) was applied as a pattern recognition unsupervised classification method. The number of dimensions to keep for data analysis was assessed by the respective eigenvalues (which should be greater than one), by Cronbach's alpha parameter (that must be positive) and also by the total percentage of variance (that should be as high as possible) explained by the number of components selected. The number of plotted dimensions was chosen in order to allow meaningful interpretations.
Results and discussion
Effects on chemical parameters
The proximate composition and color parameters (Table 1) of A. citrodora (lemon verbena), M. officinalis (lemon balm), M. melissophyllum (bastard balm) and M. piperita (peppermint) showed some similarity, with carbohydrates as predominant component, followed by ash, protein and fat contents. Except for lemon balm, the proximate composition of these species is described for the first time. The nutritional profile detected for lemon balm is coherent to that reported in previous works (Dias, Barros, Sousa, & Ferreira, 2012) . Regarding the effect of gamma irradiation (GI), all these parameters showed to be relatively susceptible (p b 0.05), except ash content in lemon balm (p = 0.072). Despite the detected variations, it was not possible to identify overall tendencies, with the exception of protein content, which tended to be higher in samples irradiated with 10 kGy for all species. The increase in protein content might be related to chemical processes (scission of the carbon-nitrogen bonds in the backbone of the polypeptide chain or splitting of the disulfide bonds) or to physical changes (like unfolding), which are commonly associated to irradiation treatment (Molins, 2001) .
Color parameters are assessed in the quality control of post-harvest preservation processes (Hsu, Simonne, Jitareerat, & Marshall, 2010) . Herein, these parameters were also similar, with higher lightness values in lemon verbena (≈ 49) and lemon balm (≈ 49), lower redness in lemon verbena (≈− 8.4) and bastard balm (≈− 8.2) and higher yellowness (≈ 27) in lemon verbena. Color parameters proved to be less susceptible to irradiation than those evaluated in the proximate analysis, since the detected differences had no statistical significance (p N 0.050) in most cases. Considering the cases where a statistically significant difference was found, it might be said that lightness, redness and yellowness leaned toward lower values in samples irradiated with 10 kGy. That is similar with the decrease of a* and b* observed in gamma irradiated green tea extracts (Jo, Son, Shin, & Byun, 2003) . The results for peppermint are in agreement with those reported in North American samples, showing no variation in color parameters when irradiated with low doses (Hsu et al., 2010) .
Concerning free sugar composition (Table 2) , fructose, glucose, sucrose and trehalose were quantified in all species. A fifth sugar was also quantified in bastard balm, but its identity could not be determined. Sucrose was the main sugar in lemon verbena (≈ 6.7 g/100 g dw) and lemon balm (≈ 5.3 g/100 g dw), while the unidentified sugar (≈ 2.7 g/100 g dw) and trehalose (≈ 0.9 g/100 g dw) were the most abundant in bastard balm and peppermint, respectively. Lemon verbena showed the highest content (≈ 10.2 g/100 g dw) in total sugars. The 10 kGy dose seemed to increase sugars content in lemon balm and bastard balm, while lemon verbena and peppermint tended to present higher values in unirradiated samples. The increase in free sugars, which was previously reported in soybean (Byun, Kang, & Mori, 1996) , ginseng (Byun, Yook, Kwon, & Kang, 1997) , green, black and oolong teas (Kausar, Akram, & Kwon, 2013) and plan waste materials (Tissot, Grdanovska, Barkatt, Silverman, & Al-Sheikhly, 2013 ) as a result of gamma irradiation, might be explained by the shortening or depolymerization of polysaccharide molecules. Other verified changes might be explained by variations in the optical rotation of sugars, which is a common occurrence under irradiation treatment (Molins, 2001) .
Peppermint gave the highest content in organic acids (Table 2) , mainly due to the citric acid amounts (≈ 7.6 g/100 g dw). Malic acid (≈5.5 g/100 g dw) was the predominant form in bastard balm, while shikimic acid (≈ 4.1 g/100 g dw) and citric acid (≈ 1.7 g/100 g dw) were the organic acids quantified in highest amounts in lemon balm and lemon verbena, respectively. Oxalic acid and quinic acid (except in lemon verbena) were also quantified. In general, the highest changes were detected in samples irradiated with 1 kGy dose, indicating that some degradation processes commonly triggered by the molecular oxygen inside the polyethylene bag might decrease due to an oxygen ionizing effect produced when using the 10 kGy dose.
The four tocopherol isoforms (α, β, γ and δ) were detected in all species, except for δ-tocopherol in lemon verbena (Table 3) . α-Tocopherol was the main isoform in lemon balm (≈30.3 mg/100 g dw), lemon verbena (≈ 15.4 mg/100 g dw) and peppermint (≈ 15.1 mg/100 g dw), while β-tocopherol predominated in bastard balm (≈ 18.5 mg/100 g dw). In line with previous results (Taipina, Lamardo, Rodas, & Mastro, 2009) , the tocopherol contents were significantly changed in response to irradiation treatment (especially for the 1 kGy dose) in all the assayed samples, except for γ-tocopherol in peppermint (p = 0.797). These differences are mainly linked to α-and β-tocopherol contents, which are not as stable to irradiation as γ-tocopherol, and are also recognized as having higher oxidative stability (Warner, Miller, & Demurin, 2008) .
Tables 4A and 4B present the individual fatty acids (FA) divided as those quantified below 1% in all species (Table 4A ) and those quantified above 1% at least in one species (Table 4B ). The predominant FA in the four species were linolenic acid (C18:3n3), followed by palmitic (C16:0) and linoleic (C18:2n6) acids in lemon verbena and lemon balm, linoleic and palmitic acids in bastard balm, and arachidic and palmitic acids in peppermint. The FA profile detected for lemon balm is similar to that reported previously in the same species (Dias et al., 2012) . Despite the individual differences, polyunsaturated fatty acids (PUFA) were predominant in all species (52.6 to 69.5%), followed by saturated fatty acids (SFA, 28.1 to 41.2%) and monounsaturated fatty acids (MUFA, 2.07 to 16.6%) ( Table 4B ). The detected percentages were significantly changed by irradiation treatment with the exceptions of C23:0 in lemon balm (p = 0.110), C17:0 (p = 0.507), C24:0 (p = 0.124) and SFA (p = 0.214) in bastard balm and C15:1 (p = 0.135) and C16:0 (p = 0.313) in peppermint. The differences verified for irradiated samples might be explained by mechanisms of lipid radiolysis, involving primary ionization, followed by migration of the positive charge either toward the carboxyl carbonyl group or double bonds (Molins, 2001 ).
Effects on antioxidant parameters
In order to compare the effects of gamma irradiation on the antioxidant activity, three in vitro assays were applied: scavenging effects on DPPH radicals (measures the decrease in DPPH radical absorption after exposure to radical scavengers), reducing power (conversion of a Fe 3+ /ferricyanide complex to Fe 2+ ) and inhibition of β-carotene bleaching (measures the capacity to neutralize the linoleate-free radical and other free radicals formed in the system which attack the highly unsaturated β-carotene models). Moreover, a preliminary quantification of total phenols and flavonoids subgroup was also performed; the results are expressed in Table 5 . Among the assayed species, lemon balm showed the highest antioxidant activity on all the assays, especially concerning the infusions, presenting values similar to those published in Iranian (Dastmalchi et al., 2008) and Brazillian (Kamdem et al., 2013) samples. The EC 50 values are close to those reported in previous studies. Nevertheless, the infusions prepared in this study gave lower amounts of bioactive compounds (Dias et al., 2012) . On the other hand, bastard balm proved to be the least effective in terms of antioxidant activity, as well as phenols and flavonoids content. The methanolic extracts gave higher activities than the corresponding infusions, showing to be correlated with the amounts of bioactive compounds quantified in each case. Changes induced by gamma irradiation proved to be statistically significant in almost all cases, except for DPPH scavenging activity in methanolic extracts (p = 0.996) of bastard balm. Likewise, changes in bioactive compound amounts were always significant except for phenols content in the infusions of bastard balm (p = 0.474). Despite the significant changes found within these parameters, it was not possible to identify unequivocal tendencies common to all assays and/or plant species.
Principal component analysis (PCA)
In the former section, the differences resulting from gamma irradiation were compared considering the individual effect within each species. Despite the high number of statistically significant changes, it was not possible to identify overall trends, which might characterize the effects of gamma irradiation. Furthermore, it was intended to validate this technology independently of the treated plant species. Accordingly, in the present section the results were evaluated considering data for all species and parameters simultaneously.
Hence, to verify if irradiation maintains the chemical profile, principal component analysis (PCA) was applied. In this analysis, instead of evaluating individual changes caused in each parameter, the effects in all parameters were considered at once. Due to the great variation (in some parameters) among species, the values were normalized by subtracting the value corresponding to unirradiated samples to those from 1 and 10 kGy irradiations. The obtained differences were further divided by the value of the respective control. In this way, the classification procedure was applied to the differences caused by irradiation and not to the absolute values measured for each parameter. Due to practical reasons, only the parameters detected in the four species were included in this study.
The plot of object scores (Fig. 1A) for gamma irradiation dose, indicated that the first two dimensions (first: Cronbach's α, 0.941; eigenvalue, 13.031; second: Cronbach's α, 0.915; eigenvalue, 9.819) account for most of the variance of all quantified variables (34.1% and 28.1%, respectively). The included variance would ideally be higher, Normal distribution of the residuals was evaluated using Shapiro-Wilk test.
but the inclusion of additional dimensions, despite being significant, would not allow a meaningful interpretation. Groups corresponding to each gamma irradiation dose (0 kGy, 1 kGy and 10 kGy) were not shaped, as it could have been anticipated from Tables 1-5 . In fact, and as it can be concluded by comparing the plots of object scores (Fig. 1A ) and component loadings (Fig. 1B) , the four defined groups include unirradiated samples, but also samples irradiated with 1 and 10 kGy, making impossible to point out which parameter variations characterize better each of the studied groups (0, 1 and 10 kGy). This result clearly indicates that, when considered from a global point of view, the changes resulting from irradiation treatment are not enough to separate each of the corresponding groups. Nevertheless, gamma irradiation seemed to have caused changes in a species-dependent manner. In fact, the object scores corresponding to each plant species were clearly separated (Fig. 1C) , especially for A. citrodora. The defined dimensions had, off course, the same Cronbach's α and eigenvalues, including also the same percentage of variance. By comparing Fig. 1B and C, it is evident that the major differences in lemon verbena were caused on carbohydrates, physical parameters, malic acid, oxalic acid, total organic acids, C17:0, TBARS formation inhibition, reducing power and DPPH scavenging activity (all in methanolic extracts) and phenol content in infusions; on the other hand, energy, reducing sugars, C11:0, C22:0 and C20:3n3 + C21:0 suffer minor changes. The main differences on lemon balm were observed for protein, phenols (methanolic extracts) and reducing power (infusions), while ash, carbohydrates, C8:0, C13:0, C15:0, C16:0, SFA, and β-carotene bleaching inhibition remain almost unchanged. Since the object scores of peppermint are in symmetric position in relation to lemon balm, the main characteristic alterations for peppermint are exactly the inverse to those verified in lemon balm. Lastly, the most sensitive parameters of bastard balm samples were C11:0, C14:0, C18:2n6 and DPPH scavenging activity (infusion), whereas fat, α-tocopherol, γ-tocopherol, C6:0, C18:3n3 and flavonoids were less sensitive in this species.
Conclusion
When considered individually, the effects of gamma-irradiation (up to 10 kGy) in the chemical/nutritional and antioxidant properties of lemon verbena, lemon balm, bastard balm and peppermint proved to have statistical significance in particular cases. Nonetheless, when analyzed under an integrated approach, unirradiated and irradiated samples were grouped indiscriminately (as it might be deduced from the PCA plots), indicating that irradiation treatment did not cause sufficient changes to define a specific chemical profile. Interestingly, the way by which each species was affected by irradiation seemed to be characterized by some specificity, as revealed by the PCA plot of object scores. Overall, it might be considered that gamma irradiation treatment (up to 10 kGy) is a feasible conservation technology for the assayed Lamiaceae and Verbenaceae species. This is an interesting result because the 10 kGy dose allows obtaining disinfested and decontaminated samples.
(A) Fig. 1 . Plots of objects scores and component loadings. A: using gamma irradiation doses as objects; B: using the differences in the evaluated parameters as component loadings. C: using the assayed Lamiaceae and Verbenaceae species as objects.
